This paper presents a simple approach to increase the normal zone propagation velocity in (RE)BaCuO thin films grown on a flexible metallic substrate, also called superconducting tapes. The key idea behind this approach is to use a specific geometry of the silver thermal stabilizer that surrounds the superconducting tape. More specifically, a very thin layer of silver stabilizer is deposited on top of the superconductor layer, typically less than 100 nm, while the remaining stabilizer (still silver) is deposited on the substrate side. Normal zone propagation velocities up to 170 cm/s have been measured experimentally, corresponding to a stabilizer thickness of 20 nm on top of the superconductor layer. This is one order of magnitude faster than the speed measured on actual commercial tapes. Our results clearly demonstrate that a very thin stabilizer on top of the superconductor layer leads to high normal zone propagation velocities. The experimental values are in good agreement with predictions realized by finite element simulations. Furthermore, the propagation of the normal zone during the quench was recorded in situ and in real time using a high-speed camera. Due to high Joule losses generated on both edges of the tape sample, a "Ushaped" profile could be observed at the boundaries between the superconducting and the normal zones, which matches very closely the profile predicted by the simulations.
I. INTRODUCTION
Protection against destructive hot spots is one of the major unresolved issues for the implementation of electric power devices or electromagnets based on SecondGeneration High-Temperature Superconductor Coated Conductors (2G HTS CC), also called HTS tapes. Hot spots arise when the current is close to the average critical current I c of the tape. Indeed, due to imperfections in the microstructure, I c varies unintentionally along the length of the tape [1] [2] [3] [4] , and when the transport current I gets higher than the local I c , this portion of the tape quenches (i.e. superconductivity is lost and a socalled normal zone (NZ) appears). As a consequence, the current is rerouted into the stabilizer and the substrate, i.e. the metallic layers of the tape that are electrically conducting and which act as a thermal reservoir. This produces intense heating, resulting in a rapid local temperature rise (the hot spot) and the possible destruction of the tape if no appropriate action is taken.
One of the solutions that has been substantially investigated in the recent years [5] [6] [7] [8] consists in increasing the normal zone propagation velocity (NZPV) of the tape, i.e. the velocity at which the normal zone expands when a hot spot occurs. Low temperature superconductors (LTS) such as Nb 3 Sn and NbTi have NZPVs in the range of 100-1000 cm/s [9] , which is fast enough to allow rapid quench detection and protective actions that avoid irreversible damages to the tape. However, for standard coated conductor tapes made of HTS materials like (RE)BaCuO, the NZPV is much lower, i.e. 0.1 − 10 cm/s [10] [11] [12] [13] [14] [15] , mainly because of their higher heat capacity, which makes quench detection much more difficult to realize. If one succeeds to increase the NZPV of HTS tapes to values comparable to that observed in LTS wires, the protection of HTS-based devices would become much easier [16] .
It has been shown from numerical simulations [8, 17] and experiments [5] that inserting a contact resistance (noted R i , in µΩ.cm
2 ) between the superconductor and the stabilizer of HTS tapes allows increasing their NZPV by more than one order of magnitude. In this case, the contact resistance is uniform across the tape width. We call this architecture, the "uniform architecture" (see Fig. 1a ), which is very similar to that of commercially available tapes. It has been shown that the physical explanation of this phenomenon relies in the increase of the current transfer length (CTL) associated with the increase of R i [5, 8] . However, from a practical point of view, increasing R i has the drawback of significantly increasing the heat generation at the contacts for current injection, which is highly undesirable.
Recently, it has been proposed to use a patterned contact resistance at the Ag/(RE)BaCuO interface [6, 7] . If we pattern the contact resistance in order to have, for instance, a very high contact resistance in the middle of the tape and a low contact resistance on its edges, we obtain the so-called "current flow diverter (CFD) architecture" (see Fig. 1b) ). In this case, because of the presence of low resistance paths between the stabilizer and the superconductor, it is possible to inject current into the tape without burning the contacts. As a result, a patterned contact resistance leads to faster expansion of the NZ for a given value of the global contact resistance. This can proposed to increase the NZPV: a) the uniform architecture, consisting of a uniform interfacial resistance at the Ag/(RE)BaCuO interface (cyan); b) the "classical" CFD architecture, consisting of a high contact resistance at the Ag/(RE)BaCuO interface (cyan), except at the edges of the tape, where the contact resistance is kept low; c) the "b-CFD" architecture, in which no high interfacial resistance is needed at the Ag/(RE)BaCuO interface, but which requires a thin top stabilizer and thick bottom stabilizer connected through a conducting edge metallization. The arrows show the current flow paths when the superconductor quenches.
be explained partly by the current concentration occurring in the low contact resistance regions, which in turn increases the power density generated at the edges of the tape (yellow regions in Fig. 1b) ). This partial quench across the width of the tape speeds up the normal zone propagation substantially. Recent numerical simulations [18] showed that this solution is mostly effective for tapes with a thin stabilizer, a few micrometres at most. This means that for applications such as superconducting magnets, which require a thicker stabilizer (few tens of micrometres), a solution to increase the NZPV is still sought. Furthermore, from a practical point of view, patterning a contact resistance is a priori not straightforward to implement in an industrial fabrication process. Therefore, simpler means to implement the CFD concept are also sought.
In [18] , it has been proposed that the NZPV could be enhanced by simply modifying the stabilizer geometry without having to alter the Ag/(RE)BaCuO interface. This alternative approach has two major advantages. Firstly, the value of the contact resistance at the Ag/(RE)BaCuO interface can be kept as low as desired. Secondly, this approach remains effective even in the presence of a thick stabilizer.
In this paper, we demonstrate experimentally how to increase the NZPV by modifying the stabilizer geometry. We call this type of tape architecture "b-CFD" since it is now the buffer layers that divert the current flow when a normal zone appears, as illustrated in Fig. 1c ). Extensive characterization of the NZPV was undertaken for different tape architecture, first by electrical measurements, and then by in situ video recording of a provoked quench in HTS tapes. Finally, we conducted numerical simulations that reproduced very well all experimental results, confirming our understanding of the underlying physics.
II. EXPERIMENTAL METHODOLOGY A. Samples preparation
The HTS tape samples used in this work consist of 4 mm wide 2G HTS coated conductors, custom-made by Superconductor Technologies Inc (STI) [19] . The basic template for all samples, depicted in the Fig. 1a ), consisted of a 0.8 µm thick Yttrium-Barium-CopperOxygen (YBa 2 Cu 3 O 7−δ ) layer grown on a 100 µm thick Hastelloy R substrate (C-276 TM ) by reactive coevaporation cyclic depositions and reactions (RCE-CDR) deposition method [20] . Lattice matching between the (RE)BaCuO layer and the substrate was realized through a stack of buffer layers composed of CeO 2 /MgO/[Y+Zr] 2 O 3 (total thickness of ≈ 0.58 to 0.78 µm).
A 20 nm thick silver (Ag) capping layer has been deposited in-situ on the (RE)BaCuO layer to ensure a low contact resistance at the Ag/(RE)BaCuO interface. Note that no oxygen annealing treatment has been done on the samples. Such a treatment, when applied on thin Ag layers (typically less than 500 nm) is known to compromise the integrity of the Ag layer by generating Ag aggregates (islands) when the temperature reaches a few hundred degrees (typically above ≈ 400 − 500
• C) [21] .
A total of 4 samples (4 mm × 12 cm) with different metallic (Ag) stabilizer geometry were subsequently fabricated from the tape template described above. Then, a certain amount of stabilizer (still Ag) was added on the samples using RF sputtering deposition. Our setup allowed sputtering the desired thickness of Ag on the top (superconductor) side (t top ) and on the bottom (substrate) side (t bot ). We made sure that the total Ag thickness t tot = t top + t bot deposited on each sample was the same, i.e. t tot = 2 µm. The exact Ag thicknesses on each side of the tape are given in the table I. Special care has been taken to sputter Ag on both edges of the tape in order to electrically connect the top and bottom Ag layers. Furthermore, critical current measurements (T = 77 K) carried out on each sample revealed that the Ag deposition did not degrade the critical current. The NZPV has been measured using the same setup as described in [5, 6] . A home-made pulsed current source was used to generate square pulses (∆t = 10−20 ms, I = 55 − 110 A). A small NdFeB permanent magnet was used to generate a normal zone by lowering locally the critical current I c . The NZPV was measured using voltage taps in contact with the surface of the tape placed every ≈ 2.5 mm. By measuring the voltage drop generated by the normal zone over time at different locations along the tape, the velocity of the normal zone propagation could be obtained [5] . During all these NZPV measurements, the samples were placed in a liquid nitrogen bath.
C. Video recording of the dynamic of the quench
Furthermore, an optical in situ study of the quench propagation in liquid nitrogen was also realized, similarly to previous studies reported in the literature [22] [23] [24] [25] . The technique consists of quenching locally an HTS tape immersed in liquid nitrogen in order to visualize the propagation of nitrogen gas bubbles. These bubbles, which are generated due to the heat generation at the normal zone location, induce light refraction and multiple reflections at liquid-gas interfaces. This modulates the light intensity received by the detector and create a contrast between the NZ and the superconducting part of the tape. During the experiment, a pulsed current is injected in the sample and a normal zone is generated by a permanent magnet placed behind the sample. A video is recorded using a MEMRECAM HX high-speed camera (CMOS sensor) from nac Image Technology and an AF Micro-NIKKOR (60 mm f/2.8D) lens from Nikon. The high-speed camera is placed behind the double-pane window of a cryostat to separate it from the liquid nitrogen bath. Special care has been taken to prevent bubbles from obstructing the field of view of the camera.
III. ELECTRO-THERMAL MODEL
A 3-D finite element electro-thermal model has been used to simulate the quench behaviour of the samples. Details about the model can be found in [7, 18] . The numerical calculations have been realized with the Joule heating module of the COMSOL 4.3b software program, which solves simultaneously the heat equation and the current continuity equation. The coupling of the two equations is ensured through the Joule losses and through the temperature dependence of the electrical parameters. The E − J characteristic of (RE)BaCuO was modelled using an empirical temperature dependent power law
n(T ) in the flux creep and flux flow regimes [26] , where E 0 = 1 µV/cm (electric field criterion at 77 K). The transition from the superconducting state to the normal state was modelled as a normal state path in parallel with the superconducting one, such as two resistances in parallel in an electrical circuit. A nonlinear conductivity is derived from the power law model by rewriting it in a form compatible with the constitutive equation J = σE, which gives
where the temperature dependence of the power-law index n(T ) has been linearly extrapolated from [27] , i.e.
n(T ) = (n 0 − 10)
The temperature dependence of J c (T ) is considered linear with temperature, i.e.
The parameters J c0 and n 0 have been extracted from experimental I − V curves obtained for each sample. The values obtained for J c0 and n 0 are respectively in the range of 2.2 − 2.6 × 10 10 A/m 2 and 18.6 − 21.4 at 77 K. Simulations were carried out for two values of interfacial resistance between Ag and (RE)BaCuO, i.e. 0.2 µΩ.cm 2 and 1 µΩ.cm 2 . In the simulations, the normal zone has been initiated by applying a local heat pulse at one extremity of the tape. Virtual probes were placed every 1 mm in order to monitor the time evolution of the voltage and the temperature, from which the NZPV can be calculated.
IV. RESULTS

A. Experiments
The NZPV has been measured experimentally for all samples described in table I. Fig. 2 presents the NZPV values as a function of the transport current for all four samples. First, we observe that the NZPV increases approximately linearly with the current, as expected by the adiabatic model [28] . Indeed, S1 and S2 are well fitted by a linear function, while S3 and S4 are better fitted with a quadratic function, although the curvature is very slight.
Furthermore, we observe that, for a given transport current, the NZPV is higher for samples having a thinner layer of Ag on the (RE)BaCuO side (top side) varying from 14 cm/s when t top = 2 µm (green diamonds) to 171 cm/s (black squares) when t top = 0.02 µm, for I = 75 A. Fig. 3 present the NZPV values (squares) obtained experimentally for an applied current of 80 A. We observe that the NZPV increases drastically for small values of t top , while it remains almost constant when t top is larger than 1 µm. In the inset, the same results are presented using a logarithmic scale for the x and y axes. The experimental data points can be well fitted with a function of the form NZPV = a · (t top ) −b , with a = 23.0918 and b = 0.5333. Fig. 4 presents snapshots of the nucleation of a normal zone induced by a permanent magnet of 3 mm in diameter placed behind the sample. The generation of the bubbles was recorded in the cases of sample S2 (t top = 0.1 µm) and sample S4 (t top = 2.0 µm). As observed in Fig. 4 , the normal zone nucleates at the location of the magnet (vertical black line in the middle of the picture) and propagates in the two opposite directions, as indicated by the arrows in the close-up views. When comparing the two snapshots, we observe that the shapes of the normal zones are drastically different. A "U-shaped" profile is clearly visible in the case of sample S2 at both extremities of the normal zone, whereas a quasi-linear profile is observed in the case of sample S4. Those profiles stay roughly stationary while the normal zone is propagating (the propagation stops when the current pulse ends), then the tape slowly recovers (e.g. the normal zone shrinks until it disappears).
B. Comparison with numerical results
In Fig. 3 , we compare the NZPV values obtained experimentally with those obtained by numerical simulations for two values of contact resistance, i.e. R i = 0.2 and 1 µΩ.cm 2 . The value of R i can be ajusted by directly varying the conductivity of the contact resistance at the Ag/YBaCuO interface in the model. The smallest R i value corresponds to the experimental value measured previously on a commercial tape [5] , whereas the highest one was used to quantify the effect of R i on the NZPV of tapes with the b-CFD architecture. We note that these values are typical for the case of Ag that has been sputtered or evaporated on (RE)BaCuO [21] . We observe that our simulation results are in very good agreement with our experimental results. We also observe that the effect of R i on the NZPV is much more pronounced in the case of thin layers of Ag on the superconductor side, i.e. small values of t top . Indeed, the numerical value of the NZPV obtained when t top = 0 µm and R i = 1 µΩ.cm 2 is 200 cm/s, while for a lower interfacial resistance (0.2 µΩ.cm 2 ), the simulation gives 173 cm/s. Considering that the NZPV value obtained experimentally in the case where t top ≈ 20 nm (sample S1) is 203 cm/s, it suggests that a value of 1 µΩ.cm 2 for the interfacial resistance is more appropriate for the samples considered in the present work.
We note that the difference between the NZPV values obtained with different interfacial resistances quickly becomes negligible as t top increases. When we look more closely at the experimental values vs. the values obtained by numerical simulations, we notice that the simulations give in general slightly lower NZPV values. This difference could possibly be explained as follows. Firstly, the non-uniformity of the Ag layers deposited by sputtering, which is known to induce thickness variations in the range of ± 50 nm (according to Dektak thickness profile measurements) is not taken into account in the numerical model. Secondly, the Ag thickness on the edges of the tape is not accurate. In our electro-thermal model, we assumed uniform Ag coating on both faces of the tapes, and a thickness of 1 µm for the Ag on the edges of the tape. The latter number was inferred from the fact that the total thickness of Ag deposited on each sample was 2 µm, but each edge of the sample has been exposed only for one half of the total sputtering time in the chamber (because of the tilted position of the sample in the chamber, used to ensure a good deposition on the edges of the tape). These two factors can likely induce an error in the calculation of the local Joule losses and, therefore, in the calculation of the temperature and NZPV.
The simulated surface temperature distributions of the Ag layer (top view of the 3-D model) for each sample are shown in Fig. 4 below the images taken from the video recording.The parameters used for the simulations are the same as the ones used in Fig. 3 with R i = 0.2 µΩ.cm 2 . The simulations clearly exhibit the characteristic "Ushaped" profile between the normal zone (T > T c in red) and the superconducting state (T = 77 K in blue) observed in the S2 snapshot. The creation of a U-shaped profile is easy to explain considering that, when a normal zone nucleates, the current flowing into the superconductor transfers into the stabilizer by the edges of the tape, as shown in Fig. 1c ), which generates a very high instantaneous power density (see [18] for more details). The amount of heat that is generated in the edges of the tape during the quench forces the normal zone to initally nucleate in the edges of the tape. Also, we note that the simulations reproduce well the straight super- conductor/normal boundary profile observed in the S4 snapshot.
V. DISCUSSION
In a previous study, Levin et al. [29] were able to find the form of the voltage distribution into the stabilizer in the case of an HTS tape surrounded by a stabilizer, similar to the b-CFD architecture presented in this paper. Their results showed that Joule losses are produced at the edges of the tape when the current transfers from the superconductor layer to the bottom stabilizer layer, similarly to our findings.
Furthermore, as Levin et al. discussed in their paper, in the case of a large normal zone, the current flowing in the stabilizer fills equally both stabilizer layers (top and bottom) if the thickness of each side is the same, which is quite obvious from basic circuit theory. This means that we can model the two stabilizer layers as two resistances in parallel. Thus, in the case of the b-CFD architecture, since the bottom stabilizer layer is much thicker than the top stabilizer layer, most of the current flows in the bottom stabilizer layer. Fig. 5 presents the current sharing between the different layers along the length of the tape (in the current direction) for samples S2 and S4 obtained from numerical simulations. In both cases, the current is flowing in the superconductor until it reaches the normal zone, and then it transfers into the stabilizer (top and bottom layers) and into the substrate. In the case of sample S2, we see from Fig. 5a ) that most of the current transfers from the superconductor to the bottom stabilizer layer, while in the case of sample S4 (Fig. 5b)) , most of the current S2 (t top = 0. transfers from the superconductor to the top stabilizer layer, which confirms the validity of the model based on two resistances in parallel.Furthermore, we note that, in the case of sample S2, the current transfers from the superconductor to the metallic layers over a length of approximately 10 mm. However, in the case of sample S4, we observe that it takes less than 1 mm for the current to transfer from the superconductor to the metallic layers (Fig. 5b) ). This clearly shows that the "b-CFD" architecture increases the current transfer length (CTL), which is the key to increase the NZPV [8, 18] .
The quenching behaviour of the HTS tapes investigated in this work can thus be understood by comparing the paths taking by the current when transferring from the (RE)BaCuO layer to the Ag stabilizer for the two extreme cases, i.e. t top = 0.02 µm and t top = 2.0 µm. In the case where all Ag is deposited on the (RE)BaCuO side (t top = 2 µm), the current goes directly into the top Ag layer without seeing resistance, as it circumvents the quenched region. This architecture is typical of commercial tapes and possesses the lowest NZPV. When t top = 0.02 µm, almost all the current is forced to transfer to the bottom stabilizer through the Ag bridges located on the edges of the tape, and therefore a significant electrical resistance is seen by the current (see [18] for more details). This higher resistance increases the current transfer length (CTL) and thus, the NZPV [8] .
VI. CONCLUSION
In this paper, we introduced an original architecture for the metallic thermal stabilizer required in (RE)BaCuO high temperature superconductor (HTS) tapes. This architecture was called "b-CFD", standing for "buffer-Current Flow Diverter", since it consists of an implementation of the current flow diverter concept [6] by using the electrical insulation properties of the buffer layers, already present in existing HTS tapes. Similarly as in the Current Flow Diverter (CFD) concept, this architecture allows increasing substantially the normal zone propagation velocity of the tapes by concentrating the generation of the Joule losses at specific locations in the tape when the current transfers between the superconducting and stabilizer layers. However, as opposed to the classical CFD concept, the b-CFD architecture does not increase the interfacial resistance between the stabilizer and the superconductor. Furthermore, the b-CFD architecture allows increasing the NZPV even in the presence of a thick stabilizer, which is not the case for the classical CFD architecture [18] . This is particularly interesting for applications requiring a thick stabilizer such as superconducting electromagnets.
Although the concept is not well proved, there remains a challenge for finding a way to process such conductors in long lengths. Indeed, the need to ensure an electrical connection between the top and bottom stabilizers The current in each layer was calculated as the integral of the current density J in the cross-section of the layer. In all cases, the normal zone was initiated at x = 0. The data shown above were taken at a) t = 15 ms and b) t = 30 ms.
along hundreds of meters of tape, combined with the very low thickness (≈ 20 to 100 nm) required for the top Ag stabilizer (which tends to form aggregates under a heat treatment) requires further thoughts. Note however that the latter problem was not encountered with our samples from STI, because their process does not require any oxygen annealing of the HTS tapes after their fabrication.
